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Abstract 
Partial substitution of Ni by Co in Mn-rich Ni-Mn-Ga alloys has been found to modify the magnetic ordering of the phases, 
improving in this way the possibility to obtain large magnetization difference between austenite and martensite, an essential 
requirement to induce the martensitic transformation by application of a magnetic field. Particularly, Ni50-xCoxMnyGa50-y alloys 
undergo, for Co content below x=9, structural transformation between ferromagnetic austenite and paramagnetic martensite, thus 
leading to enhanced magnetization difference values.  
The martensitic transformation temperatures as well as the martensite and austenite Curie temperatures depend on composition, 
but significant changes can be brought about by selected thermal treatments. In this work, the composition is chosen as 
Ni42Co8Mn32Ga18 in order to obtain concurrent martensitic transformation and austenite Curie temperature, and the effect of 
quench and subsequent ageing on the structural and magnetic transitions is studied. Aside from the monotonic transformation 
temperatures change, which is mostly attributed to atomic ordering taking place upon post-quench ageing, the results show the 
effect of the relative position of the structural and magnetic ordering reactions on the transformation entropy change 
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1. Introduction 
As it is well known, ferromagnetic shape memory alloys, show a number of unique properties emerging from the 
interaction between the structural and magnetic transitions. Among these, large magnetic field induced strain and 
giant magnetocaloric effect [1,2] have attracted a great attention. The possibility of inducing the martensitic 
transformation (MT) by an applied magnetic field has been also widely investigated [3]. According to the Claussius-
Clapeyron relationship 
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where M=Mm-MA (Mm and MA are martensite and austenite magnetization, respectively) is the magnetization 
change across the MT and  S is the transformation entropy change, a low M (in absolute value) means that very 
large magnetic fields would be required in order to induce the MT. In the case of  Ni-Mn-Ga Heusler alloys with 
compositions close to the stoichiometric Ni2MnGa, M is usually very small, because  parent and martensitic phase 
have the same magnetic order [3]. Only in the case in which the magnetic and martensitic transitions occur 
simultaneously (hence the MT relates a paramagnetic austenite and a ferromagnetic martensite, giving rise to a 
large, positive M) a magnetic field induced forward MT has been observed [5]. Other alloy systems, such as 
NiMnIn, NiMnSn or NiMnSb (the as-called metamagnetic alloys) [6-10], show lower magnetization in the 
martensite than in the parent phase, thus leading to large, negative,  M values. Particularly, this improves the 
possibility of inducing the reverse martensitic transformation under the application of a magnetic field, enhancing 
the performance of the alloys both as for the magnetic field induced strain and magnetocaloric effect [6]. 
Together with the magnetization change M, the entropy change across the martensitic transformation, S, 
determines the magnitude of the transformation temperature shift due to applied magnetic field [4,11]. On its turn, 
S depends on the interaction between the structural and the magnetic transitions, as revealed by the strong 
relationship between S and (TC-MS) [4,11]. 
Partial substitution of Ni by Co in Mn-rich Ni-Mn-Ga alloys has been found to modify the magnetic ordering of 
the low-temperature phase enhancing M effect; in this way, reversible magnetic field induced MTs have been 
reported for Ni-Co-Mn-Ga alloys [12,13]. Moreover, for appropriate Co contents, the low temperature martensite 
phase turns to be paramagnetic, with corresponding Curie temperature below the MT [14], improving the potential 
of Co-doped Ni-Mn-Ga alloys for applications in magnetically driven actuators. Obviously, the MT temperatures as 
well as the martensite and austenite Curie temperatures depend on composition [12-14], but significant changes can 
be brought about by thermal treatment. This allows to observe, in a single alloy, different sequences of magnetic and 
structural transitions.  
In the present work, a Co-doped Ni-Mn-Ga alloy is submitted to selected thermal treatments, and their effect –
mostly attributed to changes in atomic ordering- on the structural and magnetic transitions is studied. The order 
degree affects in a different way the martensitic and magnetic transitions leading to changes in the magnetostructural 
coupling, with manifest itself through the transformation entropy. 
2. Experimental 
Ingots with nominal composition Ni42Co8Mn32Ga18 were prepared by arc-melting from high purity metals, under 
argon atmosphere. The actual composition as checked by energy dispersive X-ray spectroscopy (Hitachi 40 kV 
SEM), resulted to be Ni41.6Co7.9Mn32.4Ga18.1. The selected composition was expected to show concurrent martensitic 
and magnetic transitions as well as paramagnetic martensite [14]. The ingots were homogeneized 24 h at 1170 K in 
a sealed quartz tube and then quenched in water at room temperature (reference thermal treatment). The effect of 
ageing at 570 K after the reference heat treatment and after water quench from 1070 K was also studied. The 
martensitic transformation characteristics, transformation temperatures and heat, were obtained from DSC (TA DSC 
2920), while the Curie temperatures were obtained from thermogravimetric analysis performed under the influence 
of a permanent magnet (TA, SDT Q600). This system provides simultaneous measurement of weight change and 
differential heat flow on the same sample. Optical microscopy observation of the alloy was carried out at room 
temperature (Olympus BH-2) after different heat treatments.  
3. Results and discussion 
Fig 1. shows the thermogravimetric and DSC curves obtained for the studied alloy submitted to the reference heat 
treatment. The measured weight increases when the magnet attracts the sample it is magnetised and decreases 
when the sample is no longer attracted. Therefore, the apparent weight change in Fig.1 (start condition is room 
temperature, martensite) indicates an increase of magnetisation upon reverse martensitic transformation on heating, 
followed by a decrease correspondent to the ferro-paramagnetic transition, the reverse sequence being observed on 
cooling. From this curve it can be concluded that magnetisation in martensite is much lower than in ferromagnetic 
austenite, although seemingly not zero as it is bigger than in paramagnetic austenite.  Therefore, for the present alloy 
ferromagnetic austenite transforms into an almost paramagnetic martensite.  
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The martensitic transformation and austenite Curie temperatures can be obtained from DSC and 
thermogravimetric curves as indicated in Fig.1, and the transformation entropy changes are determined (in absolute 
values) from the calorimetric curves as Sm=Qm/Mp and SA=QA/Ap.  
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Fig 1. Thermogravimetric and DSC curves obtained for a sample of the studied alloy with reference heat 
treatment. Representative temperatures for the martensitic and magnetic transitions are indicated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2. Evolution of the transformation temperatures with ageing time at 570 K after quenching from 
1070 K:  Af;  AP;  Af; TC  (measured);  TC  (extrapolated); Ms; MP;  Mf.
The representative values for the reference thermal treatment are MP=412 K, AP=429 K, austenite TC=436 K, 
Sm=33 J·kg-1·K-1 and SA=32.5 J·kg-1·K-1. The martensite Curie temperature can not be detected by 
thermogravimetric analysis, which working range does not extend below room temperature, but DMA experiments 
(PE DMA-7, [15]) yield a value of 288 K for the reference thermal treatment. Samples aged for 4 h at 570 K after 
the homogeneization treatment were also measured, the transformation characteristics being in this case MP=404 K, 
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AP=423 K, austenite TC=447 K, Sm=22.8 J·kg-1·K-1 and SA=23.2 J·kg-1·K-1. As it can be seen, ageing shifts down 
the MT while raises the magnetic transition. On its turn, the transformation entropy decreases upon ageing, and 
therefore it is found to decrease as the temperature span between the structural and magnetic transition increases. 
To get deeper into the relationship between the transformation entropy and the magneto-structural interaction, 
samples of the studied alloy were water quenched from 1070 K and progressively aged at 570 K. The evolution of 
the MT temperatures and austenite Curie temperature as a function of ageing time is shown in Fig. 2. As expected, 
the MT temperatures decrease with ageing, a slight increase being observed after prolonged ageing at 570 K. This 
behaviour is attributed to the recovery of L21 atomic order, lowered by water quench from 1070 K, a conclusion 
which is supported by the lack of microstructure changes that could indicate that other mechanisms (such as 
precipitation) are at play. It is concluded that, for the studied alloy, atomic disorder retained after quench from 1070 
K raises the MT, and improvement of the ordering degree which takes place during ageing at 570 K  brings about a 
decrease of the martensitic transformation temperatures. Such a mechanism does not explain the final increase of 
MT temperatures, a tendency which has to be further investigated. On the contrary, atomic order enhancement shifts 
up the magnetic transition, as concluded from the increase of the austenite Curie temperature with ageing. It is worth 
to mention that the magnetic transition was not detected after quench and short time ageing,; in Fig.2, extrapolation 
of the Curie temperatures indicates that in such conditions the magnetic transition would occur within or below the 
MT range.  
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Fig 4. Transformation entropy changes vs temperature gap 
between the magnetic and martensitic transitions:  Sm vs (TC-
Ms);  SA vs (TC-Af). Open symbols  and  are used when the 
Curie  temperature used in abscissa is an extrapolated value. 
Fig. 3. Transformation entropy changes measured for the forward ( Sm) 
and reverse (SA) MTs as a function of ageing time at 570 K  
 
 
Fig.3 show the transformation entropy changes vs. ageing time at 570 K, revealing the same tendency but 
different (absolute) values for the forward and reverse MTs. The entropy evolution can be correlated with the 
temperature changes depicted in Fig.2; the opposite tendency of the martensitic and magnetic transitions makes the 
temperature gap between them to increase with ageing time, and almost linear relationships are obtained for SA vs 
(TC-Af) and Sm vs (TC-Ms) as shown in Fig.4. 
Since both the magnetic and structural transitions spread over a temperature range exceeding TC and Ms, Af, partial 
overlapping occurs in a range of positive and negative (TC-Ms) and (TC-Af) values. The measured transformation 
entropy changes include therefore structural and magnetic contributions,  
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where                      depend not only on the 
transformation sequence but also on the temperature distance between the magnetic and structural transitions. 
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According to these contributions, the evolution and relative values of the transformation entropy changes can be 
interpreted. In  Fig.3 three regions can be distinguished, namely:  
(i) long ageing time,  for which TCAf and TC>>Ms; 
(ii) intermediate ageing time, with TCMs and As  TC < Af; 
(iii) short ageing times, where TC<Ms, TC<<As. 
In region (i), the forward MT takes place between ferromagnetic austenite and low magnetization martensite, thus 
decreasing the magnetic order. Therefore   
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Since in the reverse transformation the opposite sequence takes place  
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As a general trend, the magnetic order of austenite is higher the larger is the distance to TC;  since the reverse 
transformation is closer to TC than the forward one, it is to be expected that  
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For the longest ageing times (TC-Ms) and (TC-Af) are approximately constant, leading to stable entropy values. It 
is interesting to emphasize that, since the magnetic order of austenite is not the same at Ms than at Af, the overall 
entropy changes for the forward and reverse MTs are different, as shown in Figs.3 and 4. 
In (ii) yet the forward MT sequence is ferromagnetic austenite 	 paramagnetic martensite, but being Ms closer to 
TC than in the preceding region, the magnetic contribution is expected to be lower, so   
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During the reverse MT, the paramagnetic martensite gives rise to a not completely ferromagnetic austenite, thus, 
although 
                  (10) 
 
it will be also lower (in absolute value) that in (i), so  
 
          (11) 
 
In this region the magnetic transition crosses the reverse MT, and the magnetic contributions (in absolute value) 
decrease as TC approaches Ms and tends to be  TC < As, making  the transformation entropy changes to increase 
towards low aging times. In fact, the magnetic contributions are both small in this domain, being   
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as indeed observed in Fig.3. 
For short ageing times, region (iii),  the forward MT on cooling drives paramagnetic –or incomplete 
ferromagnetic- austenite into magnetically disordered martensite, while the reverse transformation leads back to 
fully paramagnetic austenite. Fig. 3 shows that   
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A
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which can only be fulfilled if  
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and                                          (15)0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that is, martensite should have a higher degree of magnetic order than paramagnetic austenite. 
It was indicated earlier that for the present alloy the martensite magnetization was small but seemingly not zero; 
this could help supporting the above proposal, and it could be attributed to an antiferromagnetic–like behaviour of 
the martensite, as suggested for the metamagnetic Ni-Mn-In, Ni-Co-Mn-In or Ni-Co-Mn-Sn [4,6,8,10] and also for 
Co-doped Ni-Mn-Ga [16].  However, other aspects concerning the magnetic behaviour of the studied alloy have to 
be taken into account: on the one hand, the magnetic transition can not be directly observed in quenched and short 
time aged samples, making it difficult to be sure about the magnetic state of neither
austenite nor martensite in region (iii); on the other hand, the possible evolution of the value of magnetization in 
austenite and martensite has to be considered.  Measurements of the true magnetization have to be undertaken to 
clarify this issue. 
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